Microstructural Evolution and Arrest in a Silver Nanoparticle Based Die Attach Material for Extreme Environments by Paknejad, Seyed Amir
This electronic thesis or dissertation has been 











The copyright of this thesis rests with the author and no quotation from it or information derived from it 
may be published without proper acknowledgement. 
 
Take down policy 
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing 
details, and we will remove access to the work immediately and investigate your claim. 
END USER LICENCE AGREEMENT                                                                         
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International licence. https://creativecommons.org/licenses/by-nc-nd/4.0/ 
You are free to: 
 Share: to copy, distribute and transmit the work  
 
Under the following conditions: 
 Attribution: You must attribute the work in the manner specified by the author (but not in any 
way that suggests that they endorse you or your use of the work).  
 Non Commercial: You may not use this work for commercial purposes. 
 No Derivative Works - You may not alter, transform, or build upon this work. 
 
Any of these conditions can be waived if you receive permission from the author. Your fair dealings and 













Download date: 15. Dec. 2017
  
Microstructural Evolution and Arrest in a 
Silver Nanoparticle Based Die Attach 
Material for Extreme Environments 
by 
Seyed Amir Paknejad 
 
Thesis Submitted to the Physics Department of King’s College London for Fulfilment of the 







The copyright of this thesis rests with the author and no quotation from it or information 





Abstract: Utilisation of silver nanoparticle paste as high temperature die attach has been 
investigated. The examinations of high temperature behaviour of sintered silver have 
indicated massive grain growth and microstructural evolution at 250 °C. The rate of evolution 
of the microstructure has been found to increase substantially above 350 °C. This high 
temperature behaviour can undermine the reliability of sintered silver nanoparticles at high 
operating temperatures if no modifications are applied to the pure form of this material. In 
addition to the microstructural evolution of the silver in isolation, silver atoms inside the die 
attach undergo massive migration towards any gold interfaces contacting the die attach. This 
behaviour can result in reduction of the mechanical performance of the die attach and 
undermine the thermal reliability as well. Here two new techniques are introduced addressing 
these two concerns, both of which produce joint structures with improved thermal stabilities. 
In one technique oxidation of sintered silver’s internal surfaces has been able to stop 
microstructural evolution of sintered silver up to 400 °C, increasing the thermal stability of 
sintered silver from 200 °C to this new limit. The other technique has combined sintered 
silver with a gold mesh interposer to use the mass migration of silver and gold atoms to 
obtain extreme thermal stability. The samples produced with this technique could withstand 
testing at 600 °C. Furthermore, a review of literature on this field has uncovered the result 
that while applying sintering pressure on the die results in improved mechanical strength, 
without this pressure the higher porosity allows better thermal cycling resistance of sintered 
silver. This indicates another important advantage of the second thermal stabilization 
technique, namely that using a mesh interposer allows control over the amount of porosity, 
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1 Introduction   
To improve the efficiency of aeroplanes and vehicles there is a need for a suitable and 
reliable high temperature die attach material. Such material can enable electronics comprising 
wide-bandgap semiconductors and high temperature tolerant passive components to control 
actuators and sensors needed to improve efficiency and reduce pollution. Not only might 
aerospace and automotive industries benefit from such die attach material, but also oil and 
gas industry can benefit by extraction of oil from deeper oil wells [1]. While a high 
temperature die attach normally refers to the material utilised for mechanical attachment of 
electronic chips to electronic boards operating beyond 125 °C, the current targeted 
temperature range for future applications is 300 °C and more [2], which is also the 
temperature range targeted in this project.  
 The main aim of this project is to investigate the suitability of a promising high 
temperature die attach material and understand the underlying physical mechanism of its high 
temperature behaviour to recommend potential routes and techniques towards utilisation of 
that potential solution. The particular material technology selected is based on sintering of 
silver nanoparticles. In this chapter firstly a brief overview will be provided on the necessity 
of performing these investigations. Then, all the currently available technologies will be 
investigated along with their shortcomings. Following the review of currently available 
solutions, there will be an introduction to the material selected in this project. Next, the 
author will state the aim and objectives of the project and the areas that have been targeted. 
Finally, the contributions of the author will be outlined. 
 Chapter 2 will describe the background information on the particular implementation 
of the technology selected for this project. In Chapter 3, the thermal behaviour and reliability 
of that solution is investigated. Next, in Chapter 4, a novel technique for stabilisation of the 
solution’s microstructural changes to increase its reliability is proposed. In Chapter 5 the 
behaviour of the solution when utilised on two common substrates will be studied. Chapter 6 
will illustrate a new technique for production of a high temperature die attach material, 
showing very promising extreme thermal stability. In Chapter 7, the key points will be 
summarized and some recommendations for future work will be introduced. 
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1.1 Background on the need for development of a suitable die attach material for high 
temperature applications 
High temperature die attach materials generally fall into two main categories. The 
first category corresponds to the die attach that is used for high temperature environments. 
Applications for this category are normally sensors and electronics for oil and gas extraction, 
monitoring aerospace or automotive engines, and space exploration [1]. The second category 
is related to applications, in which the high temperature is generated by the electronics, most 
important example being power electronics. One important requirement of the die attach of 
the latter category is heat dissipation from the electronic chip into the substrate. Therefore, 
the thermal conductivity of the die attach would be a crucial aspect for consideration. 
However, for the former category the thermal conductivity would not be of particular 
importance. On the other hand, the mechanical properties of the joint would be of much more 
significance, especially as most of the applications, such as oil/gas extraction involving 
oil/gas well drilling and engine monitoring for aeroplanes and automotive, would require 
higher vibrational endurances. There are also many shared properties required to be in 
possession of die attach for both categories. Some important examples of these common 
properties are thermal stability, thermal cycle resistant, and suitable flexibility to prevent die 
fracture as a result of difference in coefficient of thermal expansions of the die and the 
substrate. 
 The category of die attach materials targeted in this research is based on applications 
subjected to high temperatures from their environments. Therefore, the main requirements of 
the suitable die attach for this research would then be mechanical reliability, thermal stability, 
resistance to thermal cycles, and flexibility. The thermal stability and flexibility requirements 
are implicit in the requirements to resist thermal cycles as well. Therefore, the thermal 
stability, flexibility, and mechanical reliability aspects will be under further considerations in 
this project. Some of these requirements are more significant in some applications, as it will 
become clearer in later sections.  
For applications such as aerospace and automotive, especially hybrid and electric 
vehicles, the need for a suitable die attach comes from the fact that the electronic equipment, 
especially the sensors, should get as close as possible to the engine to increase their accuracy, 
and therefore, improving the efficiency of the engine [3], while this can reach up to 300 °C in 
case of automotive [4] and even higher for aerospace industry. In addition to improved 
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efficiency as a result of improved accuracy of electronics, reducing the distance to the engine 
would reduce the cabling of the electronic connections and increase the engine efficiency by 
reducing the weight of the aeroplane [3]. For these two applications the resistance to thermal 
cycles is of more importance, as a result of engine on and off cycles, while long operating 
times are also important, which can be sometimes as long as 10 to 30 years [1].  
In addition, as the Si technology is approaching the theoretical limit of its capabilities 
and the maximum operational temperature for Si is 150 °C [5] with break-down temperature 
of beyond 350 °C [6], wide-bandgap semiconductors have been considered for future 
electronic, especially for high temperature applications. This is due to the fact that the wide-
bandgap semiconductors, such as silicon carbide (SiC), gallium nitride (GaN), and Diamond, 
can operate at extreme operating temperatures. For instance, the predictions of silicon carbide 
(SiC) semiconductors from their intrinsic carrier concentrations indicated potential operating 
temperature of even more than 800 °C [7], while more than 500 °C has been experimentally 
confirmed [7]. In addition to their capability of operating at extreme temperatures, they can 
operate with higher frequencies, for example, in case of diamond semiconductors it can be 
possibly 81,000 times of Si semiconductors [5], and also SiC can have high energy efficiency 
[8]. As a result of these potentials, the market value of these wide-bandgap semiconductors is 
estimated to reach about $1 billion by 2020 for only SiC and GaNi [9]. However, to achieve 
this potential and easily present these semiconductors into the high temperature electronics 
market, there is a need for a suitable die attach material to handle the high operating 
temperatures.  
 Other driving forces for this research are the EU regulations to remove the lead (Pb) 
contents from the electronic equipment [10], but lead based solders are normally used for 
applications of only up to maximum 250 °C [11], which is below the aim of this research. 
However, the solution investigated in this research may also be used for lower temperatures 
to potentially fulfil the need for lead-free electronic equipment.  
 In addition to the requirements on the capabilities of the die attach itself, the 
processing steps are also very important. For example, to ease the processing of the materials, 
the processing temperature should not be higher than the maximum operating temperature. 
This becomes more significant for the operating temperatures targeted for this research. If the 
processing temperature is higher than the operating temperature, similar to the case of 
solders, the processing temperature would have to be extremely high. This would complicate 
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manufacturing and potentially damage other electronics on the circuit. Another important 
processing criterion would be pressure-less processing, as the pressure on the die during the 
processing steps may cause cracks on it, while it will also make the manufacturing processes 
more difficult. 
1.2 Current high temperature die attach materials and their limitations 
At the moment, there exist many different types of die attach materials, such as 
conductive adhesives, many different solders alloys, Low Temperature Transient Liquid 
Phase (LTTP) bonding, also called Solid-Liquid Inter-Diffusion (SLID) bonding, liquid 
interconnects, and sintering micro and nanoparticles. However, this section will only 
concentrate on the solutions already known as die attach materials for temperature ranges of 
300 °C or more, which in most cases do not require processing pressure. The mentioned 
criteria would exclude conductive adhesives and many solder alloys, as they cannot operate at 
such temperatures. Also, sintering micro-scale particles would in many cases require 
processing pressure, excluding them from the current high temperature die attach materials 
considered in this section [12]. 
High gold content solders are one type of currently available die attach materials for 
the targeted high operating temperatures [13, 14]. The gold based solders are basically an 
alloy of gold with a lower melting point metal such as tin, indium or gallium. One example of 
concerns about these materials is that as the solders are required to melt during processing, 
there can be residual stresses left inside the joint, reducing the mechanical reliability 
especially at high operating temperatures [15]. In addition to high residual stresses inside the 
joint, as the solder needs to be molten during processing, the operating temperature cannot 
exceed about 75% of the processing temperature, so that for high operating temperatures the 
processing temperatures needs to be extremely high. This issue can complicate the 
manufacturing and even damage the semiconductors on the electronic board. Furthermore, 
the high percentage of gold makes the processing of these solders difficult because of the 
reflow temperatures being higher than other alternatives [16], and also this high gold content 
is more expensive relative to other solutions, making this solution less favourable for some 
applications. Moreover, these solders are not very flexible and their hardness can transfer 
stresses into the die and cause fracture [17].  
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On the other hand, there are alternative materials, which have decoupled the 
processing temperature from the operating temperature, resolving issues related to high 
processing temperatures. Some of these solutions are liquid interconnects [18, 19], SLID 
interconnects [20 - 22], and nanoparticle sintering of metals such as copper or silver [1, 2, 12, 
15, 16, 23 - 29]. 
  Liquid interconnects appear to be another interesting approach to produce the high 
temperature joint. However, due to the liquid nature of the material at high operating 
temperatures and lack of a suitable solution for resolving the issues associated with 
encapsulation of the liquid interconnect for large die, this system has not been much 
investigated in the literature and requires further examinations and reliability tests for high 
temperature applications.  
 SLID based materials are another group of high temperature die attach materials 
currently in industry for applications up to 300 °C. In a SLID system, there are mainly two 
metals utilised for production of the bond, in which one metal has a higher melting point than 
the operating temperature, such as gold, silver or copper, and the other with melting point at 
the processing temperature, such as indium or tin. Therefore, during processing by reaching 
the melting point of the metal with the lower melting point the metal liquefies and diffusion 
occurs between the two metals. This reaction establishes the bond by producing an alloy with 
melting point higher than the operating temperature, see Figure 1.1 below.  
 
Figure 1.1: Schematic representation of processing of SLID systems, in which “A” 
represents the metal with higher melting point and “B” represents the metal with lower 
melting point. 
This technique cannot be used for higher temperatures than 300 °C due to many 
shortcomings [30, 31]. Some disadvantages of SLID technique that prevent it from being 




AB is ready for 
operation 
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used at higher temperatures are, for example, sharp reduction to their mechanical strength at 
high temperatures even much lower than their melting point [30, 31]. In addition, they 
undergo brittle fracture and delamination at high operating temperatures [31]. 
 The remaining technique, which is the subject of this thesis, is based on sintering of 
nanoparticles, which normally consist of silver [12, 15, 16, 24 - 26, 28, 29], copper [32, 33], 
or a mixture of metals [23, 34]. In this case the processing temperature can be much lower 
than their potential operating temperatures. This is due to reduction of sintering temperature 
as a result of lowering the particle size to nanoscale [25]. The reduction of particle size 
results in increase of the ratio between surface area and volume, which increases the total 
surface energy of the particles. This increased surface energy raises the tendency of the 
particle to join with others and lower its total energy. In addition, this increase to the 
particle’s total energy would also result in a reduction to the temperature required to liquefy 
the particle and can even result in surface premelting [35], and therefore, reducing the 
potential sintering temperature even further [25, 36]. Figure 1.2 below shows an example of 
reduction to the particle’s melting point as a function of its size for gold. This phenomenon 
enables relatively low processing temperatures for the die attach materials, which can then 
potentially function at extremely higher temperatures close to the material’s melting 
temperature. For example, sintering temperature of copper nanoparticles to produce the die 
attach can be about 300 °C [37], while its potential operating temperature could be almost as 
high as the melting point of copper. However, the shortcomings of this technique normally 
are related to the unknowns of the sintering process and its behaviour during long term 
operation, especially at high temperature and/or high mechanical vibrations. These unknowns 
make doubts about their long-term reliability and as a result is delaying their implementation 
into industry [24].    
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Figure 1.2: Melting point of gold particles against their size [38]. Here two different 
theoretical models are compared with experimental data indicated by the uneven dotted line.  
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1.3 Selection of silver nanoparticle paste as a potential high temperature die attach 
Among the mentioned die attach materials for high temperature applications, sintering 
nanoparticles appears to have the highest potential to overcome the challenges of high 
temperature environments. While the other die attach techniques have issues related to their 
inherent properties, sintered silver nanoparticles have not yet shown any fundamental 
problems that can completely prevent this material from becoming a potential high 
temperature die attach. While there exist some inherent issues with the sintered silver such as 
silver migration [27], this issue has not yet shown any significant concern on practicality of 
sintered silver as high temperature die attach. Therefore, it has been selected for further 
investigations to examine its practicality more. The following subsections will explain 
benefits of silver nanoparticles in more detail.  
1.3.1 Benefits of silver 
To produce a reasonable die attach with acceptable mechanical capabilities the 
utilised material should have acceptable properties. Silver fundamentally has good 
mechanical performance when compared with other materials [2]. In addition, silver based 
solutions have a much lower price than gold, which can be an advantage for some 
applications. Moreover, higher resistance of silver to oxidation compared to other 
alternatives, such as copper, which is one of the most important alternatives, has been another 
important argument for selection of silver. In addition, while sintering copper normally 
requires a reducing gas atmosphere, applied pressure on the die, or UV light for successful 
sintering [15], silver nanoparticles can be sintered without these requirements [15]. 
Therefore, silver has promising properties, which have contributed to selection of this 
element as the potential die attach material to be further investigated. Indeed, there are also 
many other researchers, who have selected this material as their potential solution for such 
applications as well, see Section 2.4.  
Nevertheless, the issues related to silver should also be considered for particular 
applications. Two of the most important of these issues could be named as silver migration, 
such as electromigration or ionic migration, or tarnish of silver in presence of sulphur. While 
the main aim of this research is mechanical attachment of die to the substrate with no 
electrical current going through the die attach or any voltages being applied across it, it would 
remain a concern for applications under such conditions. Therefore, while silver migration is 
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noted as an issue for some applications, it would not be a concern for the applications 
targeted in this project. However, the stabilisation explained in Chapter 4 for stopping surface 
diffusion of sintered silver atoms can be potentially used to increase the reliability of sintered 
silver for those applications. In addition, the intrinsic problem of silver tarnish in presence of 
sulphur could cause concerns for deep oil and gas exploration, but again it would not be 
investigated further and additional protection will be required, for example, by insulation of 
the electronics from the oil and gas wells’ environment. Nevertheless, the stabilisation 
technique might be used to prevent the issues related to silver tarnish as well, and therefore, it 
would be recommended for future research to further investigate this benefit.  
1.3.2 Benefits of nano-size 
The benefit of nanoparticles for this type of application is mainly reduction to melting 
temperature and sintering temperatures [25]. This reduction results from an increase to 
surface energy and vapour pressure of nanoparticles, empowering sintering of nanoparticles 
at lower temperatures to decrease their total energy [25]. One example of this reduction to 
melting point is melting point of 2.4 nm silver particles, which is around 350 °C [39], but the 
bulk silver melts at around 961 °C. An interesting point of this lowered sintering temperature 
is that it decouples the processing temperature from operating temperature, as the sintered 
structure has the melting point of bulk material. Another benefit of nano-size, in addition to 
lowering the processing temperature, is removing the need for applied pressure during 
processing [12], again as a result of increased driving force. 
Another important aspect of sintering nanoparticles is the final porous structure. The 
porosity of sintered silver can be controlled by the silver nanoparticle size, the degree of 
homogeneity of the particle sizes, the organic materials inside the silver nanoparticle paste, 
and sintering profile. Indeed, these kinds of porosities can be very beneficial for the die attach 
application, as it can increase the flexibility of the die attach and avoid possible fracture of 
the die at high temperatures, through plastic deformation of the porous structure [40]. The die 
fracture can be caused as a result of difference in thermal expansion coefficients of the die 
and substrate. Furthermore, this kind of porosity has also been considered even required for 
improving the elastic modulus and mechanical performance of the sintered structures [12]. 
While the nano-size has such advantages, its drawbacks should be considered as well. 
The main issue with nanoparticles is the safety concerns in handling and processing them, 
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which will be resolved after the sintering process and formation of bulk silver. There are two 
risks associated with handling of nanoparticles, one is inhalation of nanoparticles and the 
other is dermal exposure. Firstly, inhalation of silver nanoparticles can cause deposition of 
the particles inside the human lung [41], which can then be absorbed into the circulation 
system. This effect can result in “silver ion elimination mechanisms”, which may damage 
sensitive human tissues [41]. Secondly, the dermal absorption is another potential route of 
absorbing silver nanoparticles, which can then be transferred into the circulation system and 
reach sensitive organs [42]. Due to presence of such risks, the processing of nano-sized 
materials is more complicated than other available techniques. However, by following some 
easy safety rules these hazards should be eliminated. For example, after using the paste, the 
equipment, especially for printing the paste, such as stencil printer and squeegee, should be 
washed from excess paste, and the excess should then be placed in designated bins. This 
process should be performed right after the assembling procedure, as the organics inside the 
silver nanoparticle paste may evaporate and allow transfer of the nanoparticles into the 
atmosphere and their inhalation. In addition, it would be wise to store the silver paste inside a 
cool place to avoid dry-up of the paste and prevent easier desiccation of the paste during 
processing.  
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1.4 Objectives of the research 
As mentioned previously, the main aim of this project is to investigate the suitability of 
a promising high temperature die attach material; silver nanoparticle paste. The approach 
towards addressing this objective is organised according to the following subsection and the 
main contributions of the author are mentioned in the subsequent subsections.  
1.4.1 Organisation of thesis  
Chapter 2 will include some background information surrounding the silver 
nanoparticle paste, which is selected as the material for further investigations. In this chapter 
information on synthesis of silver nanoparticles and the paste will be included. In addition, 
sintering mechanisms of the nanoparticles leading to fabrication of the micro-scale die attach 
from the sintering process will be investigated. Finally, the fourth section of the second 
chapter will include research and state of the art developments on silver nanoparticle paste as 
a high temperature die attach material, which is a standalone review accepted in 
Microelectronics Reliability [46]. 
Chapter 3: This chapter has been published as [43]. It will investigate high 
temperature behaviour of the sintered silver structure, focusing on its reliability and physical 
mechanisms associated to its thermal behaviour. This chapter investigates the high 
temperature behaviour of exposed and unexposed sintered silver to atmosphere prior to the 
high temperature. The investigations of the microstructural behaviour are performed in a 
fairly continuous manner at high temperature storage. The results obtained will be used to 
investigate physical mechanisms of this high temperature behaviour in more detail.  
Chapter 4: This chapter has been published as [44]. Here novel oxidising treatments 
were introduced to the porous sintered silver structure to increase its thermal stability. The 
microstructural stability was increased to 400 °C for 24 h and 300 °C for 600 h, awaiting 
longer duration tests through future experiments.   
Chapter 5: This chapter has been published as [15]. After the investigations of the 
mechanisms of solitary sintered silver evolution, described in the previous chapter, its 
behaviour and interactions with its surroundings is investigated in this chapter. In Chapter 5, 
behaviour of sintered silver as a die attach will be examined when utilised on substrates with 
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either gold or silver coatings. The long-term reliability and mechanical strength of this 
material on those substrates has also been investigated. 
Chapter 6: This chapter has been published as [45]. An innovative technique is 
explained in this chapter which results in die attach materials with extreme thermal stability. 
This chapter investigates thermal stability of this die attach up to 600 °C, and the lack of any 
reduction to shear strength shows high potential of this material for utilisation in extreme 
temperature applications. 
Chapter 7 will be covering the conclusions for this thesis and also will recommend 
some potential routes for future work on this area. 
Please refer to Appendix A6 for a summary of the project in a confined format. 
1.4.2 Author’s primary contributions 
The author has been the primary contributor of the following journal papers: 
Microstructure evolution during 300 °C storage of sintered Ag nanoparticles on Ag and 
Au substrates, Journal of Alloys and Compounds, 2014, Authors: S. A. Paknejad, G. 
Dumas, G. West, G. Lewis, S. H. Mannan [15] 
An important aspect of die attach materials is their interactions with their 
surroundings, such as substrate and die’s metallization. In this paper the inter-diffusion 
resulting in certain types of sintered silver behaviour and its consequences on its mechanical 
properties and underlying structural evolution have been investigated. Further studies on 
grain structure and formation of sintered silver has also been performed using Transmission 
Electron Microscope (TEM) and Electron Back-Scatter Diffraction (EBSD). 
Thermally stable high temperature die attach solution, Materials & Design, 2016, 
Authors: S. A. Paknejad, A. Mansourian, Y. Noh, K. Khtatba, S. H. Mannan [45] 
By utilising sintered silver’s interactions with gold metallization, a new technique for 
production of a new thermally stable die attach has been proposed and examined in this 
paper. Tests on this new material indicated a thermally stable shear strength of the die attach 
at 600 °C for 100 h storage compared to 450 °C storage after 75 h and 1000 h. The SEM 
images of samples stored for 24 h at 450 °C compared with 1000 h at 450 °C have also 
 19 
confirmed this thermal stability. The author has filed a patent on the ideas presented in this 
paper. 
Microstructural evolution of sintered silver at elevated temperatures, Microelectronics 
Reliability, 2016, Authors: S. A. Paknejad, A. Mansourian, J. Greenberg, K. Khtatba1, L. 
Van Parijs, S. H. Mannan [43] 
This paper investigates the microstructural behaviour of silver at high temperatures 
continuously using a new in-house made equipment. This technique allowed detailed 
understanding of sintered silver high temperature behaviour. In this work, physical 
mechanisms of sintered silver’s grain size evolution have also been investigated. Finally, a 
new idea is also proposed in this paper, which could enable production of a stable sintered 
silver structure up to 400 °C, which has been tested and confirmed in a different route in 
Chapter 4.  
Review of silver nanoparticle based die attach materials for high power/temperature 
applications, Microelectronics Reliability, 2017, Authors: S. A. Paknejad, S. H. Mannan 
[46] 
 This paper covers scientific publications on utilisation of silver nanoparticles in die 
attach materials. By considering all the research found in one place, some interesting 
conclusions are drawn on processing steps and properties of sintered silver. One important 
example of such conclusions is about the relationship between the processing pressure, 
mechanical performance, and thermal stability of sintered silver.  
Ultra-Stable Sintered Silver Die Attach for Demanding High-Power/Temperature 
Applications, IEEE Transactions on Device and Materials Reliability, 2017, Authors: S. 
A. Paknejad, K. Khtatba, A. Mansourian, S. H. Mannan [44] 
After observations of massive grain growth inside sintered silver at high temperatures 
of 250 °C and beyond, a simple technique of steaming the silver structure at 150 °C was 
utilised here to stabilise sintered silver up to 400 °C. Here it has been shown that sintered 
silver could withstand 400 °C for 24 h and 600 h at 300 °C.  
The author has been the primary contributor of the following conference paper: 
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Factors influencing microstructural evolution in nanoparticle sintered Ag die attach, 
HiTEN Conference in Cambridge, 2015, Authors: S. A. Paknejad, A. Mansourian, Y. 
Noh, K. Khtatba1, L. Van Parijs, S. H. Mannan [47] 
In this paper, high temperature storage of sintered silver is investigated after being 
exposed to air (on its free surface) and after no exposure to atmosphere (sintered under cover 
slip). The study includes analysis on the grain sizes of the sintered silver grains after thermal 
storage. For grain size investigations, a computational technique using ImageJ and Matlab is 
described and utilised. The main finding of this paper has been the difference between 
microstructural evolution of exposed and not exposed surfaces of the silver to atmosphere. To 
fully understand this process Differential Scanning Calorimetry (DSC) and acid cleaning of 
the sintered silver have also been performed. See section A1 inside Appendices for the 
published paper.    
The author has also filed patents on his ideas, which have been partially investigated 
in Chapters 4 and 6 respectively: 
Method and apparatus for creating a bond between objects based on formation of inter-
diffusion layers, Inventor: S. A. Paknejad, Number: 15/176,567 
Increasing stability of porous silver to at least 400 °C, Inventor: S. A. Paknejad, 
Number: 62/448,240 
1.4.3 Author’s secondary contributions 
In addition, the same silver nanoparticle paste has been investigated in another project 
as interconnect for high current density applications, such as power electronics, where the 
author has also substantially contributed. However, those studies have not been included in 
this thesis to keep the aim focused on the primary aim of the high temperature die attach 
project, but part of these studies has improved understanding of sintered silver properties and 
performance as a die attach in power electronics.  
The contributions of author on the related project has been published in journal papers 
mentioned below:  
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Tunable Ultra-high Aspect Ratio Nanorod Architectures grown on Porous Substrate via 
Electromigration, Scientific Reports, 2016, Authors: A. Mansourian, S. A. Paknejad, Q. 
Wen, G. Vizcay-Barrena, R. A. Fleck, A. V. Zayats, S. H. Mannan [48] 
The effect of high current density on nanorod growth on sintered silver is investigated 
here. In particular, the effects of current density, temperature and location of nanorod growth 
have been studied in detail. It was found that electromigration in a porous medium differs 
from that in a non-porous medium, and that the location of nanorod growth is not confined 
only to the anode. The author has again contributed in designing the experimental setup, 
setting up the experiments, analysing and understanding the acquired data, and preparing the 
manuscript for publication. See section A2 inside Appendices for the published paper. 
Stereoscopic Nanoscale-Precision Growth of Free-Standing Silver Nanorods by Electron 
Beam Irradiation, The Journal of Physical Chemistry C, 2016, Authors: A. Mansourian, 
S. A. Paknejad, A. V. Zayats, S. H. Mannan [49] 
 In this paper a new technique for fabrication of nanorods using electron beam is 
explained. The nanorods could be fabricated with precision at the point of electron beam 
contact. The author contributed in understanding the results. See section A3 inside 
Appendices for the published paper. 
Some other secondary contributions of the author have been published in conference 
papers mentioned below: 
Electromigration Phenomena in Sintered Nanoparticle Ag Systems under High Current 
Density, HiTEN Conference in Cambridge, 2015, Authors: A. Mansourian, S. A. 
Paknejad, Q. Wen, K. Khtatba, A. Zayats, S. H. Mannan [50] 
This paper investigates the effects of high current density through sintered silver 
nanoparticles. In this paper, growth of nanorods on sintered silver as a result of 
electromigration has been reported. This effect increases the concerns for potential short 
circuits by growth of nanorods.  However, it has been confirmed in this paper that these 
nanorods only grow under high current densities and do not otherwise present a potential 
issue for high temperature applications. For this study, the author has contributed in setting 
up the experiments, analysing the acquired data, and providing help in preparation of the 
manuscript. See section A4 inside Appendices for the published paper. 
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Internal Structure Refinement of Porous Sintered Silver via Electromigration, HiTEC 
in Albuquerque, 2016, Authors: A. Mansourian, S. A. Paknejad, Q. Wen, K. Khtatba, A. V. 
Zayats, S. H. Mannan [51] 
 It has been observed that electromigration inside sintered silver has refined its grain 
structures. This effect has been studied in this paper and also additional information on 
production of the nanorods, mentioned in the previous papers, is also provided, and some 
potential applications for the nanorods are suggested. The author has contributed in 
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2 Background on sintered silver nanoparticles as a high 
temperature die attach solution 
This chapter will concentrate on understanding the fundamental science surrounding the 
utilisation of silver nanoparticle paste as a high temperature die attach material. The points 
under investigations are mainly concentrated on production of the silver nanoparticle paste 
including silver nanoparticle synthesis in particular, the mechanisms of sintering in 
establishing the bulk structure of the die attach from the silver nanoparticles, mechanism of 
sintered silver’s high temperature behaviour, and finally understanding the achievements and 
shortcomings of state of the art.  
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2.1 Silver nanoparticle paste 
In this section the general requirements for preparation of silver nanoparticle pastes and 
the common technique used for synthesis of silver nanoparticles for this type of research will 
be explained. While utilisation of home-made silver nanoparticle pastes is common amongst 
researchers in this field [1 - 10], the work in this project is based on pastes available 
commercially. Therefore, the research here will be aimed at increasing understanding of state 
of the art. While few companies exist offering silver nanoparticle pastes for die attachment, 
such as Henkel, Heraeus, Alpha® Aromax®, and NBE Tech LLC, there has been limited 
research performed on comparing the applicability and performance of the commercial silver 
nanoparticle pastes in the market, especially at temperatures over 250 °C. Therefore, pastes 
from NBE Tech LLC, a well-known manufacturer in this field, have been selected, which 
have also been selected by some other researchers in this field [11 - 18]. 
Two silver nanoparticle pastes from NBE Tech LLC, NanoTach® N-paste and 
NanoTach® X-paste have been utilised. N-paste is suitable for die with maximum 3 mm2 
size, while X-paste is a newer version for die with maximum dimension of 10 mm2. The 
range of nanoparticle sizes has not been investigated in this project, but others using silver 
nanoparticle paste from NBE have reported values of 8 - 12 nm [15, 17], 30 - 50 nm [18], and 
<50 nm [16]. In addition, while the exact processing and characteristics of the pastes remain a 
knowhow secret of NBE Tech, some general information has been obtained. For example, 
some general information on their paste’s composition can be found on their datasheets, 
shown in Table 2.1 below. The role of X-paste’s compositions will be clearer in the following 
subsection. In addition, a general description of their processing steps can also been found on 
some of their patents [19, 20].  
Table 2.1: NanoTach® X-paste composition. 
Components Weight Percentage 
Silver 70-85 
Silver Oxide 0-10 
Cellulose 1-8 
Alpha Terpineol 5-20 





2.1.1 Synthesis of silver nanoparticles and preparation of the paste 
There exist different procedures for production of nanoparticles [21], especially silver 
nanoparticles [22]. However, the most common techniques utilised by researchers in the field 
of high temperature joints is chemical reduction [2, 23 - 25], which is also the simplest 
method [26]. 
To produce the required metal nanoparticles, its metal salt needs to go through the 
chemical reduction, which can be expressed by the equation below [21]: 
 𝑀𝓍+ + 𝓍𝑒− → 𝑀 2.1 
where 𝑀 is the required metal. This reaction requires loss of electron or oxidation of 
species 𝛼 according to the equation below [21]: 
 𝛼𝓎 − 𝓍𝑒− → 𝛼𝓎+𝓍 2.2 
These two processes together enable production of metal 𝑀 nanoparticles by release 
of the 𝑀 atoms from the metal salt, providing the corresponding standard electrode potential 
of the oxidation process is lower than that of the reduction [21]. The general term used to 
describe these two reactions together is “redox reaction”.  
For the redox reaction, the main precursor used by the researchers in this field is silver 
nitrate [ 2, 23 - 25], while the reducing agents used differ. Some examples of the utilised 
reducing agents, containing 𝛼 species, are ethylene glycol [25], sodium citrate [ 2], and 
sodium borohydride [24].  
Production of silver nanoparticles from the redox reaction is then followed by other 
processes to form a silver nanoparticle paste for ease of handling for example stencil printing 
or syringe dispensing. These processing normally include centrifugation for thickening the 
samples, and addition of organic materials for control of particle dispersion and prevention of 
premature aggregation, and preparing the paste for easy printability [27]. There are three 
main categories for the added organic materials to form the paste. These are binders, solvents 
and ligands. The ligands are added for preventing premature sintering or aggregation of 
nanoparticles. The benefits and functionality of ligands will be described in more detail in the 
next subsection. Binders are included to avoid crack formation on printed silver paste during 
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handling, and solvents are required for improved printability by correcting the viscosity [28]. 
Some examples of these three types of added organics are listed in Table 2.2. 
 
 
Table 2.2: Main organic additives for silver nanoparticle paste [28] (Materials in 
Bold are used inside the utilised X-paste, see Table 2.1) 
Component Examples 
Ligands 
Menhaden fish oils, myristyl alcohol, 
polyacrylic acid, triethylene glycol, oleic acid, 
methyloctylamine, hexadecylamine, 1-decanol 
stearic acid, dodecylamine, and palmitic acid 
Solvents 
Terpineol, ethanol, butyl carbitol, 
toluene, xylene, phenol, isobornyl cyclohexanol, 
and texanol, 
Binders 
Cellulose, polyvinyl alcohol, and 
polyvinyl butyral 
 
This type of silver nanoparticle processing can result in formation of nanoparticles 
with different shapes and sizes, which can be controlled during the synthesis process. One 
example of this control is synthesis of nanoparticles with wire shapes [29, 30], which were 
then utilised to strengthen the sintered silver structure [2]. The techniques for improving 
sintered silver structure are investigated further in Section 2.4. For a comprehensive review 
on synthesis of nanoparticles and techniques for control of their shapes and sizes the readers 
may refer elsewhere [22]. 
2.1.2 Particular need for ligands and prevention of premature sintering 
The most important beneficial properties of nanoparticles can also result in problems. 
The very high surface area to volume ratio of nanoparticles, results in very high surface 
energies, which provides the critical advantage of low sintering temperature and pressure for 
nanoparticles. However, this high surface energy can also cause aggregation and premature 
sintering at room temperature before the intended sintering process inside an oven [31]. In 
addition to the higher surface energy, the increase in surface interaction of smaller particles 
can also cause adhesion and agglomeration among them [21, 27, 31]. 
 This aggregation and premature sintering can result in formation of larger particles 
before the intended sintering process, and therefore, reduce the high driving force of 
nanoparticle towards densification, which is the main advantage of nanoparticles [6], in 
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addition to their low sintering temperature. Moreover, this premature sintering can reduce the 
shelf life of nanoparticle paste, which is another processing issue for the industry.  
 To prevent the premature sintering, different approaches have been investigated by 
researchers [6]. However, the most commonly used technique is addition of organic ligands 
into the silver nanoparticle paste [27, 32]. In this technique, the ligands normally have a polar 
acid function at one end and at the other a hydrocarbon chain [27]. In this scenario, the polar 
acid can attach to the hydrated silver nanoparticles and result in surrounding of nanoparticles 




Figure 2.1: Schematic representation of a nanoparticle coated with organic ligands for 





2.2 Sintering mechanism of nanoparticles 
The general definition of sintering refers to the process in which smaller particles are 
heated to enable their bonding by atomic movements at their interfaces, which will result in 
formation of a coherent and mainly solid assembly [21]. This definition mainly relates to the 
process at macroscopic level, where solid structures are produced by application of heat and 
sometimes pressure on powdered materials. However, at the microscopic level sintering 
refers to bonding of two similarly sized particles by neck formation at their contact point, 
while the general term referring to formation of larger particles at the expense of smaller 
particles at microscopic scale is called coarsening. Therefore, only in this section the process 
of producing larger particles by heat treatment of initially smaller ones will be refer to as 
coarsening, and sintering will refer to its microscopic meaning. 
Coarsening at the microscale includes coalescence, sintering and grain growth [31]. 
During a heat treatment of particles, e.g. micro or nanoparticles, all of these processes can be 
present at any particular time and contribute to the formation of the larger particles. However, 
although the main driving forces of these mechanisms differ, the contribution and influence 
of each of them is predictable [31]. Therefore, by control of their individual driving forces 
one might be able to achieve production of desired structures through the coarsening of finer 
particles [31]. Each of these three mechanisms will be described in more detail in the 
following subsections. Furthermore, as the densification and shrinkage of the bulk structures 
can be dependent on each of the three main mechanisms, there will be a separate subsection 
dedicated to the shrinkage and densification as a result of all mechanisms of coarsening 
combined. 
Investigating the coarsening mechanisms requires extra attention for this project, as the 
current theories normally explain behaviour of microscale particles, and in some cases the 
behaviours at nanoscale can vary [31]. Therefore, efforts have been made here to highlight 
the expandability of each mechanism into nanoscale, and also provide examples of 
mechanisms where such differences exist. 
Furthermore, it should also be considered during the studies on coarsening mechanism 
that the final structures produced by the silver nanoparticle pastes will be dependent on many 
factors. Some of these factors include formulation of the paste, size of the particles and their 
purity, processing temperature, applied pressure, treatment technique, joint thickness, 
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metallization, and metallization roughness, which would all complicate the sintering process. 
Therefore, current theories may not be able to fully explain the full practical behaviour, but 
by understanding the key available theories of the coarsening mechanism, the performance of 
the investigated materials can be better understood and examined, which has been attempted 
in Chapter 3.   
2.2.1 Coalescence 
Coalescence can be defined as absorption of smaller particles by larger ones without 
formation of a neck between them, see Figure 2.2 below. While it can be argued that inside a 
normal sintered silver paste the small size range of silver nanoparticles may reduce the 
possibility of coalescence, depending on the manufacturing process, inhomogeneous heat 
distribution inside the paste during a heating process can result in formation of larger 
particles, which can then absorb the smaller nanoparticles. Therefore, understanding 
coalescence can still provide a better view of the whole coarsening mechanism. 
 
The main driving forces for coalescence are reduction of surface energy by increasing 
the volume to surface ratio and elimination of high curvatures of the smaller particles, where 
atoms have higher energy relative to flatter surfaces of larger particles.  
A simple equation for coalescence can be derived by making the assumption that the 
only contributor to change in size of particles is mass diffusion into them. As a result of this 
assumption and by postulating that solubility of the particles would obey Kelvin equation 
[33], Equation 2.3 can be derived by solving the Fick’s first law for describing the 
coalescence’s mechanism [31]. This equation is the same as the Ostwald ripening model [34].  
 
𝑟3 −  𝑟0
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where 𝑟 is the particle’s radius, 𝑝0 is the vapour pressure of a particle on a flat surface, 𝑀 is 
molar weight, D is the diffusion coefficient, 𝜌 is the density, 𝑇 is the temperature, 𝛾 is surface 
energy, and 𝑅 is the gas constant. 
 The equation above describes how larger particles undergo enlargement at the 
expense of smaller particles, where the original radius of the larger particle, 𝑟0, will expand to 
𝑟 after period of time 𝑡 has elapsed, see Figure 2.2. One important attribute of coalescence, 
unlike the other two mechanisms of coarsening, is its insignificant contribution to 
densification, while it results in reduction of dissimilarities amongst particles sizes, allowing 
further sintering to occur. These two points will be clearer in Subsections 2.2.2 and 2.2.4 
respectably. 
2.2.2 Sintering 
The basic driving force of sintering is the same as that of coalescence, while the main 
differences between them are the source of material and the mass transportation’s sinks [31]. 
The most important feature of sintering is formation of a neck between the two particles 
sintering together, which will act as the sink for mass transportation. That is why sintering 
normally occurs between two similarly sized particles.  
Moreover, the neck formation is the main local driving force for sintering, which is a 
consequence of the convex curvature of the neck, where the radius of the curvature is 
negative and atoms inside a convex curvature have more neighbours and are more stable 
compared with atoms on a concave curvature. Therefore, atoms of the two particles will 
travel through their volume and surface towards the negative radius of the neck enabling 
further sintering between the two particle, see Figure 2.3 below. This behaviour can also 
expand to movement of grain boundary at the neck between the two particles towards 
relatively higher curvature. This is again due to faster movement of atoms on the smaller 
particle, having higher curvature, towards the neck, where the atoms are more stable. 
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This sintering mechanism has been studied at micro- and nano-scales and the 
comparison showed very interesting results [35]. The facts mentioned above on the sintering 
mechanism has been experimentally observed and widely accepted at micro-scale scenarios, 
but in some special circumstances at the nanoscale there exist new phenomena. One 
interesting example showing that the sintering behaviour does not obey the classical theories 
at the nanoscale is shown in Figure 2.4 below. In this arrangement the grain boundary travels 
towards convex curvature instead of concave. However, in the same study in a two particle 
system the nanoscale particles did obey the classical rules [35]. 
 
Another interesting point related to sintering of nanoparticles is their dependency on 
the lattice alignment between the two sintering particles. If the two particles have aligned 
lattice interfaces the diffusion routes contributing to neck growth can be reduced [36]. In this 
Figure 2.3: Schematic representation of sintering between two particles and formation of a 























 Figure 2.4: Comparison between sintering at micro- and nano-scales at progressing 






scenario, the volume and surface diffusion mechanisms can be slowed significantly and the 
main mechanism of sintering can only be condensation of atoms in vapour form. Therefore, 
the sintered particles with aligned interfaces will not be strongly sintered [36]. Figure 2.5 
below compares the sintering of two nanoparticles with and without aligned interfaces. 
 
2.2.3 Grain growth 
Grains are formed after groups of particles are aligned into a single body. There are 
different mechanisms contributing into growth of grains, but the main contributors are 
evaporation-condensation, surface diffusion, and volume diffusion [21], see Figure 2.3 above 
with interpretation of particles as grains). An important difference between sintering and 
grain growth are the sink of materials, while their main driving forces still remain the same as 
coalescence [31]. For grain growth the sink of materials are the grains themselves, unlike the 
formed necks for sintering. 
It is now generally accepted and also experimentally proven that classical theories do 
not apply to grain growth at nanoscale scenarios [21, 31, 34]. In addition, at nanoscale even 
small external factors can have significant effects on the grain growth mechanism. For 
example, impurities inside nanoparticles can have a significant effect on grain growth [37]. 
Furthermore, some researchers have also stated that the grain growth mechanism should be 
divided into different segments in order to produce a more accurate model of each segment 
separately [31]. As a result of all these factors, presenting a complete model for the utilised 
silver nanoparticle paste would be complicated and not particularly illuminating. Therefore, 
here two important models describing the mechanism of grain growth will be mentioned to 
produce a general understanding of the grain growth mechanism. In one technique the rate of 
Figure 2.5: Comparison between sintering of two nanoparticles with and without aligned 
interfaces at progressing stages. Orange indicates diffusing atoms, while light blue indicates 
condensed atoms. Adapted from [36]. 
With Without 
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change of grain size has been modelled, and in the other model, the actual grain size can be 
predicted after a specific period of time.  
To investigate the rate of grain growth, it can be assumed that there exist three main 
contributors to grain growth [21]. These three main parts correspond to the same three main 
mechanisms of grain growth. By assuming that their contributions are independent of each 
other, they can be added linearly in this model, shown in Equation 2.4 below [21]. The three 
main contributing mechanisms are signified in the equation using subscripts of “E-C” for 
evaporation-condensation, “S” for surface diffusion, and “V” for volume diffusion. In this 
technique the difference between curved and flat surface pressures have been assumed 
minimal, which can potentially make the model imprecise for nanoscale particles, for which 
one of their important characteristics is their high surface curvatures. However, after the 








 represents the grain growth rate, 𝑆′s are system related constants, 𝐾𝐸−𝐶 is another 
constant representing the mobility of grain boundary in a “E – C” diffusion mechanism, 𝐾𝑆 
and 𝐾𝑉 are constants representing the surface mobility of the grain as a result of surface 
diffusion and volume diffusion mechanisms respectively, and H is the mean curvature of the 
grain surface. As this model requires much background information about the system and its 
diffusion mechanisms, integration of this model into experimental studies, especially the 
complicated scenario of sintered silver, remains very time consuming and difficult. 
 The second model is known as the “generalised parabolic grain growth model”, and 
can be used for both micro- and nano-scale scenarios. The model is expressed in Equation 2.5 
below, which predicts the grain radius 𝑟 at time 𝑡 [31, 37], and has been utilised in Chapter 3 
for understanding the mechanism of sintered silver’s grain growth at high temperatures.     
 𝑟(𝑡)
𝑛 − 𝑟0
𝑛 = 𝑘𝑡 2.5 
where 𝑡 is the elapsed time, 𝑟(𝑡) is grain radius at time 𝑡, 𝑟0 is initial grain radius, and 𝑛 is a 
variable, which can be adjusted to improve the model for each particular scenario. For 
instance, for nanocrystaline silver it has been estimated as 3 [38], and also for diffusion based 
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grain growth, which appears to apply to grain growth of sintered silver nanoparticles in this 
research, the mechanism can be generally best fitted by the same value [37]. Finally, 𝑘 is a 
constant for grain growth, and the proportionality relation below can be applied to it [38]:  
 𝑘 ∝  𝑒−𝑄/𝑅𝑇 2.6 
where 𝑅 is the ideal gas constant, 𝑄 is the activation energy for grain growth, and 𝑇 is the 
temperature. In addition, by plotting the natural logarithm of 𝑘 against 1/𝑇, the value of 𝑄 can 
be calculated from the slope of the graph. This equation has also been used in Chapter 3, 
where deviations from these classical sintering models are discussed. 
2.2.4 Shrinkage and densification 
The mechanism of shrinkage and densification can be dependent on many different 
factors. Some examples of processing conditions, which can affect the rate of shrinkage and 
densification, are constraint or free sintering [21, 18, 39, 40], sintering temperature profile 
[18, 39], especially in presence of organics [18], external pressure [41, 42], interface 
alignment of the particles [31, 36], and presence of confined vapours, normally from 
decomposed organics inside the structure [43]. 
Because of presence of many different factors affecting the densification and 
shrinkage mechanism, producing a complete model of the whole process is challenging. 
Therefore, some researchers have attempted to produce mathematical models of these 
phenomena by simplification of the problem by considering only one or two contributing 
factors at a time. Therefore, a complete model to fully predict the behaviour of a complicated 
process, such as the process studied here, is not available currently. However, some 
researchers in the studied field have tried to investigate the densification and shrinkage of the 
silver nanoparticle paste by empirical routes, which will be described later in this subsection. 
One important example of a simplified model is the general classical densification 
mechanism of two sintering particles with the same sizes. This model is shown in equation 












where 𝐿 is the distance between the centres of the two particles, 𝑟 is the particles’ radius, 𝐷𝐺𝐵 
is the grain boundary diffusion coefficient, 𝛾𝑠 is the particles’ surface energy, ℎ is the thickness 
of the diffusion volume, 𝛺 is the atomic volume, 𝑘 is the Boltzmann constant, 𝑇 is temperature, 
and 𝑡 is time. 
 To provide practical information for understanding the densification and shrinkage of 
the silver nanoparticle paste, the empirical techniques appear to provide the most direct and 
potentially more beneficial contributions.  
 In one interesting study, the effects of pressure and temperature on densification of 
silver nanoparticles have been investigated [41]. It has been observed that densification 
during the sintering process does not depend strongly on the applied pressure, but by rapid 
heating to the desired processing temperature densification can be promoted. This point only 
applies to “very fine grains” according to the author, who utilised 2 - 40 nm particles. It 
should also be noted that no ligands were used for their nanoparticles. Therefore, their 
observation may not entirely apply to silver nanoparticle pastes utilised for the research here. 
 In another study the effect of organics and densification after removal of their vapours 
has been investigated in more depth [18]. It has been observed in their study that thickness of 
silver paste, which has been acquired from the same company, NBE Tech LLC, shrinks by 
40% during evacuation of the organics vapours from the systems. Subsequently, after 
combustion of some ligands, the nanoparticles start to sinter and densify, resulting in a further 
10% shrinkage of the original thickness. This interesting study has been considered for 
preparation of the samples in Chapter 6, where the shrinkage of the initial paste had a crucial 
role on the final die attach properties. Another interesting finding of this paper provides 
insight into preparation of improved processing temperature profiles. They argued that the 
removal of ligands at early stages of the heat treatment can allow surface diffusion amongst 
the nanoparticles and prevent densification. To prevent this, the ligands should be removed at 
temperatures higher than 150 °C, which would then enable further shrinkage of the thickness 
by the mentioned 10%. 
 Another exciting technique used for establishment of denser sintered silver structures 
has been utilisation of a “trimodal mixture system” [1]. In their silver paste system, the 
researchers have utilised three difference size ranges with average diameters at 20.2, 58.5, 
and 168.0 nm. In this scenario, the smaller nanoparticles would fill the pores between the 
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larger particles and help to densify the structure. This study will be mentioned in more detail 
in Section 2.4. 
2.3 High temperature behaviour of sintered silver nanoparticles 
After the sintering and establishment of the die attach structure, it is important to 
understand the behaviour of the sintered structure during operation at high temperatures. The 
sintered silver behaviour and interactions at high temperatures can determine its suitability 
and long-term reliability. Therefore, the active mechanisms at high temperatures should be 
investigated for better understanding of the sintered silver behaviour. 
An important active mechanism at high temperatures is diffusion of atoms inside a 
material. The diffusion mechanism after the sintering process can result in many different 
effects on the sintered structure. For example, the diffusion can change the shape of the 
sintered structure, known as microstructural evolution, and it can result in mixture of silver 
atoms from the die attach with the materials from the metallization. Any of these diffusions 
inside a die attach structure can change its mechanical properties, so it is very important to 
understand their effects on long-term reliability of the die attach materials. These effects can 
be much more severe in sintered silver nanoparticles, due to presence of many grain and twin 
boundaries inside them [44], see Figure 2.6 below. The high concentration of grain and twin 
boundaries can increase the speed of diffusion and enhance its effects. The main diffusion 
paths are lattice, surface, grain boundary, and twin boundary. Contributions and mechanism 
of each of these diffusion routes will be further investigated in the next subsection. 
 
Figure 2.6: High-resolution transmission electron microscopic images of grains inside 
sintered silver nanoparticles, showing grain and twin boundaries inside the structure. 




After investigating the diffusion inside sintered silver, understanding its particular 
contribution to high temperature microstructural evolution of sintered structure could be 
beneficial. By studying the grain growth mechanism inside the sintered silver structure, an 
important part of the microstructural evolution was investigated in Subsection 2.2.3. 
However, another important aspect of microstructural evolution is that at high temperatures 
silver grains can evolve into more energetically favourable shapes by minimising their 
surface energy through reducing their surface to volume ratios, see Figure 2.7 below. This 
shape evolution of silver grains is another aspect of microstructural evolution at high 
temperatures, and it might provide useful information on the predictability of its high 
temperature behaviour. Therefore, the high temperature shape evolution of sintered silver 
grains may provide useful information regarding its stability and reliability as a high 
temperature die attach. While empirical investigations of the microstructural evolution and 
high temperature reliabilities can be very time consuming and costly, understanding and 
modelling the underlying mechanism surrounding the microstructural evolution can be an 
easy and cheap technique. Therefore, in Subsection 2.3.2, the high temperature shape 
evolution of silver grains will be investigated theoretically. 
 
2.3.1 Diffusion inside sintered silver 
An important objective of this research is to understand the suitability of sintered 
silver nanoparticles as high temperatures die attach materials. Therefore, two important 
aspects of a die attach material operating at high temperatures should be investigated. One 
characteristic is its behaviour at high temperatures, and the other is the interaction with its 
surroundings. The behaviour of sintered silver at high temperatures would rely mainly on its 
self-diffusivity, and its interference with its surrounding will be strongly dependent on its 
diffusivity inside the die and substrate’s metallization and vice versa. Therefore, it is very 
important to understand diffusion inside sintered silver.  
  
Figure 2.7: Example of shape evolution at high temperatures for reducing the surface to 
volume ratio. 
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Diffusing atoms inside structures of materials can mainly go through three routes, 
lattice, grain or twin boundaries, and surface. Inside a sintered silver structure, due to 
presence of many grain and twin boundaries [44] and extensive external surfaces, the 
contribution of grain and twin boundaries, and surface diffusions is considerable, see Figures 
2.6 and 2.8, where presence of much twin and grain boundaries and internal free surfaces are 
shown. The speed of the diffusion along such routes are much faster than the diffusion 
through the silver lattice. For example, diffusion of gold atoms through the silver lattice is 
about 1.9 × 10-22 m2/s [45], which is slower than diffusion along the grain boundaries and 
surface by 5 [46] and 14 [47] orders of magnitude respectively. In addition, while there is not 
much information on the effects of twin boundaries on the diffusion of materials inside 
sintered silver structures, there have been examples of diffusion along twin boundaries being 
faster than lattice diffusion as well [48]. 
 
The lattice diffusion of silver atoms inside the sintered silver nanoparticles’ structure 
should remain similar to lattice diffusion in other silver materials. On the other hand, the 
grain boundary diffusions inside structures utilised in this research need to be calculated and 
investigated for the particular grain boundaries of the sintered material. This is due to the fact 
that grain boundary diffusion is sensitive to the chemical composition and structure of the 
grain boundaries [50], so that the values are different for each grain boundary structure. 
Similarly, surface diffusion on the sintered silver structures could potentially be affected by 
contamination from the silver paste, which contains many different organic compounds (see 
Table 2.1 as an example), which could reduce the speed of surface diffusion in comparison 
Figure 2.8: Scanning Electron Microscopic images of sintered silver nanoparticles. (a) 
Without a die on top (adopted from [49]), and (b) cross-section of sintered silver under a 








with the diffusion on clean surfaces. As a result of the possible slowdown of surface 
diffusion, literature values cannot be relied on and it needs to be experimentally determined.  
Understanding the mechanism of diffusion inside the sintered silver structure provides 
insight into the effects of possible interactions of sintered silver with the metallization of the 
die and substrate, as well as its interactions with its surrounding environment, especially at 
high operating temperatures. For example, by understanding the diffusivity of copper or gold 
inside sintered silver and their effects on its structure, more refined decisions on utilization of 
the gold or copper metallization can be made for sintered silver die attach. Therefore, a 
simple technique for investigating diffusion coefficients inside different materials will be 
briefly studied in this subsection, while further investigations on the particular sintered silver 
structures used in this research will be performed in the subsequent two chapters. Chapter 3 
will include further discussions and analysis on the surface diffusion and its effect on grain 
growth of sintered silver, and Chapter 5 will include calculations of grain boundary diffusion 
and its consequence on potential unsuitability of the utilised gold metallization. 
 Due to limitation on the available techniques and equipment for investigating the 
diffusion coefficient of the materials inside the assemblies investigated in this work, there is a 
need to find a suitable and applicable method. One interesting technique for calculation of 
diffusion coefficient is utilisation of the Boltzmann–Matano equation [51, 52] shown below. 
In this technique the diffusion coefficient 𝐷 can be calculated on a one-dimensional path 
from the concentration profile of the diffusing material inside the diffused structure for the 
diffusing period 𝑡. 
 









where, 𝑟 represents the point of equal concentration between the diffusing and diffused 
materials on the diffusion path, 𝐶𝑚𝑎𝑥 is the concentration at the original interface of the two 
materials, and 𝑟∗ is the distance at which evaluation of 𝐷 would be performed. This equation 
is used in Chapter 5 to investigated the interaction between sintered silver die attach and the 
gold metallization of the substrate. The concentrations can be measured using Energy 
Dispersive X-ray (EDX) during TEM or Scanning Electron Microscopy (SEM). As this 
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technique can only be applied on diffusion of a material inside another material, it is not 
applicable to investigation of self-diffusion of silver atoms inside sintered silver. 
2.3.2 Shape evolution of sintered silver grains 
At high temperatures the self-diffusion of silver atoms inside a sintered silver 
structure can result in massive internal structural changes. For example, sintered silver die 
attach after high temperature storage at 300 °C has evolved into much coarser structures after 
just 24 h on silver substrate [53], see figure 2.9. 
 
  In this subsection a simple theoretical method for modelling such shape evolution of 
sintered silver grains at high temperatures is presented.  
The main technique utilised in this subsection is a modified version [54] of the 
Lagrangian-Eulerian (ALE) method [55]. In this technique surface diffusion is considered as 
the dominant factor in the shape evolution process, which is the condition applying to the 
sintered silver material as well. As mentioned before, this is due to the fact that the diffusion 
of sintered silver through the lattice or grain boundaries are about 14 [45] and 8 [46] orders of 
magnitude slower than surface diffusion [47] in order. 
Therefore, only considering the surface diffusion as the main driving force for 
movement of atoms, the Nernst-Einstein relation [54, 56] and Boltzmann distribution [57] 
can be used to develop Equation 2.10 below for the drift velocity of atoms ?̅? in a two 
dimensional scenario [54, 56]: 
Figure 2.9: Microstructural evolution of sintered silver after storage at 300 °C. Adopted 
from [53]. 
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 𝐣) 2.10 
where 𝐷𝑆 is the surface diffusion (m
2/s), γ is the surface energy (J/m2), Ω  is the atomic 
volume (m3/atom), 𝑘𝐵 is the Boltzmann constant (J/K), 𝑇 is the temperature of the particle 
(K), and 𝐾 is the curvature at any point on the surface (1/m). 
 If the drift velocity of atoms is multiplied by the density of atoms on the surface 𝑋𝑆 
(atom/m2), the atomic current 𝒋 can be found according to Equation 2.11 below: 
 𝒋 =  − 








 𝒋) 2.11 
 Furthermore, divergence of the current of atoms would be equivalent to the number of 
atoms moving out of a unit of area per second. On the other hand, the velocity of the surface 
perpendicular to any point on the grain, 𝜈𝑛, would be equal to the volume of atoms moving 
out of a unit of area per second. Therefore, by knowing that the volume of atoms divided by 
the atomic volume, 𝛺, would be the number of atoms, the relationship below can be produced 
for 𝜈𝑛.  
 𝜈𝑛 =  










 The equation above now models the movement of a grain surface towards a more 
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Addendum to Section 2.4 
Different authors have concluded different optimum results for paste materials 
and processing conditions because of the large number of variables involved. Some of 
these variables may not be reported in detail, for example, application method of paste 
to the substrate and scrubbing motion when die is placed on paste, see Chapter 5. 
Indeed, the lack of standardization, causing the variations and scatter in the reported 
figures, such as the scatter in Figures 3 and 10, may itself be considered a major 
conclusion of this section. Another complicating factor may be the fact that some 
authors may have reported all their results and others only their best results, omitting 
combinations that did not work well. Some conclusions are unaffected by these factors 
because of very strong correlations observed, like the bullet point 6 inside the 
conclusions, or because they are based on direct evidences from the referenced papers, 
such as bullet points 2, 7, 9 and 10. However, bullet points 3, 4 and 5 may be affected by 
these factors and should therefore be treated with caution, pending further 
experimental trials. 
Moreover, an important consideration for the conclusion recommending use of 
Au metallisation for operating temperatures below 250 °C is that it is based on thermal 
cycling data, and therefore, additional high temperature storage of sintered silver over 
gold metallisation at this temperature is recommended for development of a firmer 
conclusion.  
Furthermore, please note that Table 1 of the supplementary data is provided 
below. 
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S. Fu 2014 11 20 nm – 20 µm 100 Ag Ag 
225 10 1.77 50 
  250 10 0 33.6 
250 60 0 43.8 






2011 13 100 nm 4 Ag Ag 
160 60 0.36 10 
 250 to -40 500 1 
Almost 
constant 
200 60 0.36 11.5 
S. 
Sakamoto 
2013 14 100 nm 16 Ag Ag 200 60 0.4 11.5  
250 to -40 1000 1 11.5 
180 to -40 1000 1 7.3 
180 to -40 500 1 7.3 
K. Xiao 2013 15  100 Ag Ag 275 
30 0 11 
  
10 10 53.8 
S. A. 
Paknejad 
2014 5 30 nm 6.25 
Ag Ag 
295 18 0 
11 300 500 16 
 




















Mixture 20, 59, and 168 
nm 
 
Cu Cu 350 5 0 13.7 
  
Cu Cu 300 5 0 13 
J. Kahler 2011 18 
<100 nm 
  230 2 12 
15.5 
 30 to 250 50 0.033 
14.5 
nano + micro 7.5 17.5 
P. Peng 2012 19 
50 to 100 nm + 20% 
nanowires 50 to 100 
nm with 8 - 15 µm 
length 
 Cu Cu 200 60 0 16.5   
Y. Yan 2011 20 <50 nm 1.6 Au Au 280 30 0 16.7   
T. Wang 2007 21  1.21 Ag Ag 
285 60 0 17.52 
  
285 120 0 19.97 
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H. Li 2016 22   Ag Ag 260 20 0 20 
200 120 20 
 
300 120 30 











 200 20 60 
M. Y. 
Wang 
2015 25  32.5   250 10 0 25   
G. Q. Lu 2007 26  
 Ag Ag 275 10 0 
25 
300 200 26     
 Ag Ag 275 10 0 300 400 21 150 to -40 600 1 20 
 Ag Au 325 10 0 25    150 to -40 800 1 20 
S. Y. Zhao 2015 27 <50 nm 182.25 Ag Cu 280 10 1.5 27.7 
150 72 26.4 
 
150 960 27.1 
180 72 14.2 
250 72 5.7 
S. Y. Zhao 2016 28 
nano and sub-micro 
particles (105nm av.) 
with flakes (4.8 µm av.) 
42.25  Cu 270 30 0 29   
C. Buttay 2011 29 8 - 12 nm 7.29 
Ag Au 
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30 
  
Ag Cu 40 
G. Lu 2014 30  
25 Ag Ag 484 0.01 10 34.3 
  
 Ag Ag 484 0.01 10 85 
N. Heuck 2010 31 
 
576 
Ag Au 320 60 3.5 35 
  
 Ag Au 320 60 0 6.2 
C. B. 
O’Neal 
2016 32  9 Au Au    36   
E. Ide 2005 4 
11 nm 
19.63 
Cu Cu 300 5 5 40 
  
100 nm Cu Cu 300 5 5 10 
A. Masson 2011 33 8 - 12 nm 7.29  Cu 285 60 6 40   
Y. Mei 2013 34 30 nm 100 Ag Ag 275 10 5 60   
J. Yan 2016 35 about 40 nm 28.27 Ag Ag 
250 30 7.5 60 
 
 
250 30 0 15 
250 30 2 34 
200 50 36 
250 50 40 
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300 50 55 
350 50 50 
J. G. Bai 2006 36 30 – 50 nm 2.38 
Ag Ag 300 40 0 43 
 
250 to 50 4000  21.5 
Ag Au 300 90 0 25 250 to 50 6000  12.5 
H. Zheng 2012 37  
36 Ag Cu 275  0 7.6 
  
 Ag Cu 275  12 77.4 
G. Q. Lu 2009 38   Ag Ag 
275 10 3 23 300 200 26 250 to -55 800  10 
275 10 3 23 300 400 20     
275 10 5 35    125 to -40 300  17 
275 10 0 7.7        
Y. H. Mei 2014 39 30 - 50 nm 25      97   
J. Li 2015 40  9 Au Au 240  12 54.9   
S. Seal 2015 41 50 nm av. 2.25 Ag Ag 300 45 0 17.4   
T. G. Lei 2010 42  
100 Ag Ag 275 20 0 7.7 
  
 Ag Ag 275 20 5 31.6 
S. A. 
Paknejad 
2016 43  
 
Au Au   
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450 75 1.35 
  0 450 1000 1.95 
 0 600 100 1.7 
H. Zheng 2015 44     280 10 0 35    125 to -40 1000 1 30 
F. Le 
Henaff 
2015 45  
14.44 
 
Ag 250 0.16 10 
 
   125 to -40 2800 1 Failed at 
 Au, or Cu 250 0.16 10    125 to -40 >6000 1 Passed 
S. Y. Zhao 2016 46 
20 – 200 nm and 1 - 5 
µm long flakes 
121  Cu 270 30 0 23   
W. Guo 2015 47 20 - 80 nm (av. 40 nm) 28.27 
Ag Ag 250 5 3 28 
  
Ag Ag 350 5 3 40 
S. T. Chua 2016 48 10 - 20 nm 5.22 
Ag Ag 
250 60 0 
17.5 300 1000 28 
 Ag Cu DBC 15 300 1000 8.5 
Ag Cu 15 300 200 0 
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Addendum to Chapter 3 
As it might cause confusion for some readers, it would be worth emphasising the 
principal idea behind utilisation of cover-slip on sintered silver to investigate the 
microstructural evolution again here.  
There exists minimal contribution of cover-slip to the sintered silver’s grain growth 
mechanics, which has also been confirmed here from the grain growth activation value of 
sintered silver grains adjacent to cover-slip versus free silver grains. Therefore, it would be 
reasonable to assume that cover-slip would only act as if the sintered silver is cross-sectioned 
and the grains are being investigated as such. 
Furthermore, as it has been seen in this paper, Equations 1 and 2 could only be used to 
explain the grain growth phases and not the whole time-frame observed. This derivation from 
the classical models can be explained by the requirement of the grains to rearrange into more 
convenient positions to follow another observed phase of grain growth according to the 
classical models, where the need for repositioning of the grains inside a porous structure has 
not been considered.  
In addition, as it has been cited in the paper, the readers are invited to read Appendix A1 
for more information regarding the techniques used for calculating the average grain sizes 
from the optical images.  
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Addendum to Chapter 4 
2017 IEEE. Reprinted, with permission, from Seyed Amir Paknejad, Ultra-Stable 
Sintered Silver Die Attach for Demanding High-Power/Temperature Applications, IEEE 




5 Microstructure evolution during 300 °C storage of sintered Ag 












Addendum to Chapter 5 
For the benefit of readers on the type of compositional analysis technique used for Fig. 7 
it is added here that Energy-Dispersive X-ray spectroscopy (EDX) has been utilised.  












7 Conclusions and recommendations for further work 
The requirement for a high temperature die attach material for wide-bandgap 
semiconductors has been strongly felt in recent years. The future requirements for die attach 
include withstanding high temperatures of at least 300 °C while surviving thermal and 
mechanical stresses and vibration. 
There are some potential materials available currently, but they mostly suffer from 
inherent limitations, excluding sintered silver nanoparticles, which so far have not exhibited 
any fundamental issues preventing it from becoming a suitable high temperature die attach. 
The main issue related to sintered silver die attach is the limited knowledge about its 
complicated behaviour at high temperatures and the physical mechanisms in operation during 
interactions with its surroundings. By understanding these behaviours or halting them at the 
operating temperatures, silver nanoparticle based material might become a suitable die attach 
for harsh environment applications. 
In this project, suitability of sintered silver as a high temperature die attach has been 
investigated. Initially the physical mechanisms of evolution of sintered silver at high 
temperatures have been studied, indicating very unpredictable high temperature behaviour in 
the time period investigated. However, a new technique for production of sintered silver 
structures, withstanding temperatures up to 400 °C, has been proposed and approved. Then, 
the high temperature interactions of sintered silver with two common metallizations of 
electronic devices have been explored. The main point of that observation was that storage of 
these die assemblies on silver metallization did not indicate any reduction to shear strength 
even after 500 h storage at 300 °C, while the internal structure of sintered silver evolved 
considerably. On the other hand, the high temperature behaviour on gold metallization has 
shown very fast diffusion of silver atoms towards the gold metallization, resulting in 
considerable reduction in shear strength after just 24 h storage of the assembly at 300 °C. 
Finally, this fast migration of silver atoms towards the gold metallization considered a 
disadvantage, has been utilised positively to establish a thermally stable die attach for high 
temperatures. This new die attach has produced the same shear strength after storage at 
450 °C for 75 h or 1000 h, or even 600 °C for 100 h, indicating a thermally stable die attach.  
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The following sections will summarize the main findings in this project and its second 
section will recommend some potential routes for furthering the research.  In addition, there 




The main finding of this project will be presented in the following subsections. These 
subsections are organised by order of main body Chapters 3 - 6. 
7.1.1 Microstructural evolution of sintered silver at elevated temperatures 
The high temperature behaviour of sintered silver has been continuously investigated 
in situ in a newly designed experimental setup at temperatures from 250 - 400 °C. These 
observations showed rapid grain growth intervals combined with periods of steady average 
grain sizes before another rise of average grain sizes. By detailed study of the physical 
mechanisms of grain growth, the activation energy for grain growth has been calculated as 
52.5 ± 2.5 KJ/mol. By comparing this result with the observations on free surface of sintered 
silver and with published work on this topic, it has been postulated that there exists a 
passivation layer of silver oxide on the free surface of sintered silver resulting in a stable 
structure up to about 400 °C, which has been further confirmed in the next chapter. 
Therefore, a proposal has been made to investigate possibility of growing silver oxide on the 
internal structure of sintered silver to establish a die attach with potential of staying stable for 
temperatures up to 400 °C.   
• In-situ observations of thermal grain growth 
• Fast grain growth intervals are followed by relative stability of average grain 
sizes before another grain growth phase 
• This complex behaviour limits the ability to assure long-term reliability from 
standard tests 
• The passivation layer resulting in thermal stability up to 400 °C appears to be 
silver oxide. 
7.1.2 Ultra-stable sintered silver die attach for demanding high power/temperature 
applications 
The sintered structure of silver has been stabilised using a novel oxidising technique. 
By placing water inside the oven next to the die attach assembly at 150 °C for 24 h, the 
produced steam has been able to oxidise the internal structure of sintered silver and stopped 
the microstructural evolution, which also applies to samples that were dipped inside water for 
10 min. In addition to the main evidences for nature of the passivation layer presented inside 
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this chapter, such as references [6] and [7], which indicated stability of silver oxide up to 
400 °C [6, 7] and its effect on stability of silver microstructure up to this temperature [7], 
further evidence can be mentioned as Energy Dispersive X-ray (EDX) results presented in 
Appendix A2 and observations of presence of Ag-O bonds in X-ray Photoelectron 
Spectroscopy (XPS) performed by Mr Khalid Khtatba on surface of sintered silver exposed to 
atmosphere, which is being prepared for publication. The oxidation treated samples were 
stable even at 400 °C, which have previously showed massive microstructural changes 
without this treatment.  
• The internal structure of sintered silver has been successfully oxidised with 
water or steam 
• This technique produced the same effect as the atmosphere, which stabilises the 
surface of sintered silver, but this treatment can stabilise the material even 
inside the structure 
• The steamed structures withstood the whole course of aging for 24 h at 400 °C  
• On the other hand, sintered silver without this treatment would start 
microstructural changes at 250 °C in less than an hour. 
7.1.3 Microstructure evolution during 300 °C storage of sintered Ag nanoparticles on 
Ag and Au substrates 
The high temperature interactions of sintered silver with silver and gold metallization 
have been investigated. The interactions with silver substrate have resulted in increased 
contact points of sintered silver with the metallization slightly increasing the shear strength 
during storage at 300 °C for 500 h. On the other hand, the storage of sintered silver on gold 
metallization at 300 °C has led to formation of horizontal voids along the die attach reducing 
the shear strength of the joint over time. This behaviour is severe for sintered silver 
structures, because of existence of many twin and grain boundaries inside such structures, 
which have been observed by TEM. 
• Presence of gold metallization results in fast mass migration of silver atoms 
towards the interface at 300 °C 
• The fast migration leaves horizontal voids along the die attach 
• Consequently, the shear strength of the die attach reduces over time 
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• The shear strength of sintered silver on silver metallization increased slightly 
over time at 300 °C.  
7.1.4 Thermally stable high temperature die attach solution 
In Chapter 6, a new technique to establish a thermally stable die attach has been 
investigated. The die attach here is produced using an interposer inside the die attach 
assembly forming a solid-solid interfusion layer continuous from the die to the substrate. This 
technique enables the die attach to move towards a stable structure at high temperatures, 
which can be designed by the structure of the interposer. 
• Thermally stable die attach as a result of continuous inter-diffusion layer  
• The shear strength after high temperature aging has not reduced  
• The final structure of die attach can be specially designed allowing for 
optimization of mechanical properties, including possibly stress relief on the 
die 
• The inter-diffusion and void evolution is controlled, resulting in high 
reliability. 
The main points of the conference paper are also summarised below. 
7.1.5 Factors influencing microstructural evolution in nanoparticle sintered Ag die 
attach 
In this study it has been discovered that high temperature behaviour of sintered silver 
differs significantly when exposed to atmosphere or when not exposed. It has also been 
observed that the rate of grain growth over time for unexposed sintered silver differs greatly 
for temperatures in the range 200 - 350 °C compared to the 400 - 500 °C range. In addition, 
200 °C storage of sintered silver for 5 h has not indicated any changes to microstructure 
showing potential for applications up to 200 °C.  
• Significant high temperature behaviour difference between surfaces exposed 
and not exposed to atmosphere 
• Presence of a passivation layer on exposed surface to the atmosphere resulting 
in thermal stability up to 400 °C 
• Much faster grain growth rate after 400 °C of unexposed sintered grains 
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• Thermal stability up to 200 °C. 
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7.2 Recommendations on future work 
The following subsections will present recommendations for further work for each of 
the three main areas investigated in this thesis. 
7.2.1 Microstructural evolution inside sintered silver at high temperatures 
The most interesting finding of this study was the understanding of the difference 
between the exposed and non-exposed surfaces of sintered silver. The exposed surface had a 
higher thermal stability than the internal structure of sintered silver. Therefore, development 
of a new silver nanoparticle paste to oxidise the internal surface of sintered silver during the 
sintering process might produce a thermally stable die attach for applications up to 400 °C. 
7.2.2 Ultra-stable sintered silver die attach for demanding high power/temperature 
applications 
The stabilisation of the microstructure observed in this work should be investigated 
against mechanical strength tests to confirm that retaining the microstructure would also 
preserve the mechanical properties of the die attach.  In addition, as the stabilisation is 
through oxidation of silver atoms on the surface of sintered silver structure, it would be 
recommended to also confirm the benefits of the stabilisation on prevention of 
electromigration and silver tarnish from the presence of sulphur.  
7.2.3 Microstructure evolution during 300 °C storage of sintered Ag nanoparticles on 
Ag and Au substrates 
The main question remaining in this study for the author was determination of the 
different mechanisms of diffusion of gold or silver atoms inside the sintered silver structure. 
Understanding the surface composition of sintered silver inside the pores can make a 
significant contribution to understanding the diffusion mechanism. Consequently, performing 
X-ray Photoelectron Spectroscopy (XPS) on the internal pore structure of sintered silver 
could yield further insight.  
7.2.4  Thermally stable high temperature die attach solution 
For the die attach system using interposers, investigations with a specially designed 
mesh structure for increased shear strength are recommended. Practical tests of the idea 
involve designing and producing meshes with different designs and running reliability trials, 
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such as shear strength and thermal cycling tests. Computer simulations could also be useful in 
determining the optimized mesh design. Investigating cheaper materials, such as nickel and 
bismuth which would undergo similar interactions as silver and gold, could help in reducing 
overall cost of the die attach. 
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7.3 Final Verdict 
According to the authors opinion, silver sintering appears to be a suitable technique for 
production of die attach materials for harsh and dynamic environments up to 200 °C if used 
without further modifications. Sintered silver appears to provide a high mechanical strength 
with good flexibility to reduce stresses on the die and to withstand high number of thermal 
cycles. For applications above 200 °C, an easy oxidation treatment step can be implemented 
into the processing procedure to stabilise its structure against thermal evolutions, which 
would, in authors opinion, retain its mechanical capabilities as well. Nevertheless, the 
additional oxidising step found should also be used for applications below 200 °C, as it would 
bring further assurances on stability of the sintered material, and it could be easily applied by 
only dipping the material inside water for 10 min. Therefore, the advantages of sintered silver 
nanoparticles, such as its high mechanical strength, high flexibility and pressure-less 
sintering, can be used up to 400 °C with this additional fast and easy processioning step. 
However, for applications requiring higher operating temperatures, utilisation of a continuous 
interdiffusion layer from die to substrate, which can be easily formed with addition of an 
interposer would be recommended. This technique has been shown to retain mechanical 
strength even at 600 °C storage, at which ceramic substrate would decompose into ash. This 
technique is also a pressure-less sintering process, and it has high potential for many different 
applications as mixture of other materials to reduce cost or to increase the high temperature 































A2  Tunable ultra-high aspect ratio nanorod architectures grown on porous 
substrate via electromigration
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A3 Stereoscopic nanoscale-precision growth of free-standing silver nanorods by 
electron beam irradiation
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Addendum to Appendix A3 
Reprinted (adapted) with permission from (Mansourian, A., Paknejad, S.A., Zayats, A.V. and 
Mannan, S.H., 2016. Stereoscopic Nanoscale-Precision Growth of Free-Standing Silver 
Nanorods by Electron Beam Irradiation. The Journal of Physical Chemistry C, 120(36), 
pp.20310-20314.). Copyright (2016) American Chemical Society.  
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A4 Electromigration Phenomena in Sintered Nanoparticle Ag Systems under High 
Current Density
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A5 Internal Structure Refinement of Porous Sintered Silver via Electromigration
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A6 Summary of the Project in a Confined Format 
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